Colorectal cancer (CRC) is the third most common cancer in men and the second in women worldwide. CRC development is the result of genetic and epigenetic alterations accumulation in the epithelial cells of colon mucosa. In the present study, DNA methylation, an epigenetic event, was evaluated in tumoral and matching normal epithelium in a cohort of 61 CRC patients. The results confirmed and expanded knowledge for the tumor suppressor genes hMLH1, MGMT, APC, and CDH1. Promoter methylation was observed for all the examined genes in different percentage. A total of 71% and 10% of the examined cases were found to be methylated in two or more and in all genes, respectively. mRNA and protein levels were also evaluated. Promoter methylation of hMLH1, MGMT, APC, and CDH1 genes was present at the early stages of tumor's formation and it could also be detected in the normal mucosa. Correlations of the methylated genes with patient's age and tumor's clinicopathological characteristics were also observed. Our findings suggest that DNA methylation is a useful marker for tumor progression monitoring and that promoter methylation in certain genes is associated with more advanced tumor stage, poor differentiation, and metastasis.
Introduction
Colorectal cancer (CRC) is worldwide the third most common cancer in men and the second in women forming the third leading cause of cancer-related deaths in the United States, 1 with the incidence and mortality rate similar to those observed in Europe. 2 Despite the high mortality rates, colon cancer is often treatable when is detected early, with a five-year survival rate around 90%. Colonoscopy is the gold standard for the disease diagnosis but due to the invasiveness of the procedure most of the patients will not present in clinic before clinical symptoms being prominent. In developed countries, only 40% of colon cancer patients are diagnosed at early stage when treatment is most likely to be successful. 2 The biology of colon cancer is well established. Two different genetic pathways have been characterized and linked to hereditary colon cancer. The first pathway includes among others Adenomatous Polyposis Coli (APC) germline mutations and is correlated with the familial adenomatous polyposis (FAP) syndrome. 3 The second pathway covers the hereditary non-polyposis colon cancer (HNPCC) which incorporates alterations in mismatch repair (MMR) genes like hMLH1. 4 Both of the above-mentioned syndromes (FAP and HNPCC) are reflections of germline mutations. Mutations observed in somatic cells consist a different category of tumors, the microsatellite instability (MSI) ones, a type that is more frequent, responsible for sporadic tumors of the colon. 5 The common linker in all the above altered pathways is the impairment of DNA repair systems that predisposes cells to genetic instability, a hallmark of cancer. 6 During the last decades, epigenetic alterations have been reported to play an important role in cancer initiation, progression, and metastasis. 7, 8 DNA methylation, among various sites within a gene sequence, can be found in dense CpG areas like the CpG islands in the promoter region of tumor suppressor genes resulting in their silencing.
In the present study on colon cancer patients, the promoter methylation of the tumor suppressor genes hMLH1, MGMT, APC, and CDH1 involved in DNA repair and cellular adhesion mechanisms was examined. Moreover, we attempted to identify if this epigenetic effect is present at the early stage of tumor formation and if it could also be detected in the normal mucosa, in an effort to evaluate whether methylation in the selected genes could be used as a screening biomarker to differentiate benign from cancer cases. Additionally, mRNA and protein levels were evaluated for all the genes included in the study and correlated with clinicopathological parameters important for patients' management.
Materials and methods

Patients and nucleic acid preparation
Sixty-one patients with colon cancer operated from 2007 to 2012 in Second Department of Propedeutic Surgery at Medical School of National and Kapodistrian University of Athens constituted the group of our study. All patients with available tissue during this period were included in the study. In this sample cohort, there was also a rectal case which is not further discussed. The study was approved by the ethical committee of Laikon General Hospital and written informed consent was obtained from all patients included in the study.
Thirty-six (59%) of the patients were men and 25 (41%) were women with a mean age of 69.13 AE 1.62 years. Tumors were classified and staged according to the revised guidelines set by American Joint Committee on Cancer and International Union Against Cancer. Three levels of differentiation were used to clarify histopathological grading as: well in 12 (19.7%); moderately in 35 (57.3%), and poorly in 14 (23%) differentiated cases, respectively. The resected tumors were histologically staged according to Dukes' classification as: A in 11 (18%), B in 23 (37.8%), C in 23 (37.8%), and D in 4 (6.4%) cases, respectively.
All tissue samples were kept in RNA later reagent, sheltered from RNAses activity (Ambion, AM7021). Samples of normal-appearing mucosa were also derived from sites adjacent to, but at least 1 cm away from the tumor. Tissues were then homogenized and genomic DNA (QIAamp DNA Mini Kit, Qiagen) and total RNA (Nucleospin RNA II, Macherey-Nagel) were extracted according to manufacturer's protocol. Paraffin-embedded tumor tissue sections from the same patients were also used for immunohistochemical studies.
Bisulfite treatment of the DNA and methylation-specific PCR DNA from both tumoral and normal tissue specimens was subjected to bisulfite chemical modification (EZ DNA Methylation-Gold Kit, Zymo Research), according to manufacturer's instructions. Two hundred ng of modified DNA followed methylation-specific PCR amplified by primers pair specific for methylated and unmethylated sequences, as previously described. 9 Primers were designed with Meth-Primer software, based on the human genes' promoter sequence found in GenBank. DNA from human placenta served as positive control for the unmethylated sequences (Sigma Aldrich). As positive control for the methylated sequences either fully methylated DNA obtained after treatment to placental DNA with an excess of M. SssI methyltransferase (New England Biolabs, U.S.) or standard methylated DNA {S} 10 commercially available (CpGenome Universal Methylated DNA, Chemicon International) was used. Samples were also amplified with the wild-type primer set to verify completed chemical modification, as unmodified DNA produces a specific DNA (Figure 1 (a) and (b)). Water was used as negative control. Primer sequences and the specific annealing temperatures for each set of primers are shown in Supplementary Table  S1 .
The generated fragments were analyzed on 2% agarose gel (Agarose low EEO, Applichem), stained with ethidium bromide and visualized under UV. DNA marker to evaluate fragment size was also used (CelPilot DNA Molecular Weight Marker 100 bp, Qiagen).
Results were also evaluated with sequencing technique that revealed the methylated cytosines' position in methylated samples.
Semi-quantitative RT-PCR
One mg of total RNA was subjected to first-strand cDNA synthesis by using Omniscript Reverse Transcriptase (Omniscript, Qiagen) and random hexamers (Qiagen), according to manufacturer's protocol. PCR was performed with 100 ng of the cDNA template. The specific primers and PCR conditions for each of the examined genes are shown in Supplementary Table S2 . The RT-PCR products were analyzed on 3% agarose gel, stained with ethidium bromide and visualized under UV. Water served as negative control ( Figure 2 ). Although RT-PCR is not a quantitative assay, a degree of quantitation was achieved by normalization with abl gene. mRNA was evaluated in all malignant and nonmalignant adjacent lesions.
Immunohistochemistry (IHC)
A three step (avidin-biotin-peroxidase) immunohistochemical method was applied for the detection of hMLH1, MGMT, APC, and CDH1 proteins on formalinfixed, paraffin-embedded colon cancer tissue sections as previously described. 11 Mouse monoclonal anti-MLH1 (CM 220 CK, Biocare Medical), anti-MGMT (sc-56432, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-APC (sc-289, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-CDH1 (sc-56527, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at dilutions 1:150, respectively, were used as primary antibodies. Appropriate negative controls were performed by omitting the primary antibody and/or substituting it with an irrelevant antiserum. As a positive control, colon cancer tissue sections with known increased hMLH1, MGMT, APC, and CDH1 immunoreactivity were used (Figure 3 (a) to (d)). Immunohistochemistry was performed only in the cancer cases. Figure 2 Electrophoresis of RT-PCR products for genes abl, hMLH1, MGMT, APC, and CDH1. Abl gene was used for quantification of cDNA. On the left, DNA size marker is distinguished, followed by amplified samples. Water served as the negative control in all cases. The intensity of the band related to mRNA expression differs between samples. As shown in figure (red rectangles), samples that were not methylated gave a strong band (CDH1), and patient samples that were methylated for a gene gave a low tense band (APC) or no band (hMLH1) which certifies that methylation is associated with genes' silencing. The expected product sizes are also shown in the figure 
Evaluation of immunohistochemistry
The percentages of positively stained colon cancer cells were obtained by counting at least 1000 cells in each case by two independent observers (S.T. and E.P.) blinded to the clinical data, with complete observers' agreement. Specimens were considered ''positive'' for MLH1, MGMT, APC, and CDH1 proteins when more than 5% of the colon cancer cells were stained. We consider that over-expression exists when the percentage of positive stained cancer cells overpass the percentage of the mean average stain for each probe. The intensity of immunostaining was estimated semi-quantitative as low, medium, or intense, based on previously reported studies for other immunohistochemical markers on colon cancer samples. 11
Statistical analysis
Chi-square tests were used to assess the associations between the methylation status of MLH1, MGMT, APC, and CDH1 and clinicopathological characteristics of the tumor lesions, as well as to assess the associations between MLH1, MGMT, APC, and CDH1 immunoreactivity and clinicopathological characteristics in patients with malignant colon lesions. One-way ANOVA was used for all age correlations since age followed normal distribution. A twotailed p < 0.05 was considered (statistically) significant. Statistical analyses were performed using the software package SPSS for Windows (version 20.0; SPSS Inc., Chicago, IL, USA).
Results
Promoter DNA methylation in colon cancer tissue and adjacent normal tissue For hMLH1 gene, our analysis detected promoter methylation in 15 out of 61 (25%), for MGMT gene 40 out of 61 (66%), for APC gene 18 out of 61 (30%), and for CDH1 gene 53 out of 61 (87%) tumor cases, respectively. Fortythree out of 61 cases (71%) were found to be methylated in two or more genes and six out of 61 (10%) ones were found to be methylated in all of the examined genes.
Methylation in the promoter region of the examined genes was also detected in the normal matching tissue. Six out of the 14 (43%) cases presented also methylation in the normal mucosa for hMLH1 gene, 22 samples out of 27 (81.5%) for MGMT gene, 12 out of the 14 (86%) for APC, and 23 out of 31 (74.2% for CDH1 gene, respectively). Normal pairing tissue, adjacent to the tumor, was missing for one of the methylated for hMLH1 gene samples.
Promoter methylation and correlations with patients' demographics and mRNA expression
The correlations between patients clinicopathological characteristics and the genes methylation status are depicted in Supplementary Table 3 . Methylation in hMLH1 and MGMT genes was found to be statistically associated with patients' age (p ¼ 0.04 and p ¼ 0.003, respectively). No statistical significant associations were observed for hMLH1, MGMT, and APC genes when compared with tumor stage and histological grade. Statistically significant correlations were found for CDH1 gene. Promoter methylation of CDH1 gene was associated with Dukes' stage when classifying the tumors as lower (A and B) versus higher stage (C and D) or (A, B, C versus D) (p ¼ 0.02 and p ¼ 0.0001, respectively). Promoter methylation of CDH1 gene was also correlated with the histological tumor grade (p ¼ 0.031). Again, when tumor cases were subdivided as well and moderately differentiated versus poorly differentiated ones promoter methylation was more frequently observed in the poorly differentiated cases (p ¼ 0.005). The low number of stage D (n ¼ 4) and grade III cases (n ¼ 14) should also be considered when looking at the statistical analysis results as this may have contributed to the inexistence of strong correlations between the methylation status and the clinicopathological variables of the tumors in the rest of the genes or a more balance distribution of the samples could have possibly provided a stronger correlation for CDH1 gene with tumors' stage and grade.
Methylation in two or more of the examined genes was found to be statistically associated with tumor grade (p ¼ 0.04), as also was able to discriminate the samples when well and moderately differentiated cases were examined versus the poorly differentiated ones (p ¼ 0.005). Methylation in two or more genes was not correlated with Dukes' stage (p ¼ 0.176) but when examining two different groups: stages A and B versus C and D, methylation in two or more genes was more frequently presented in the latter ones, p ¼ 0.047. Moreover, methylation in two or more of the genes included in our study was associated with the age of the patients (p ¼ 0.018).
Lower expression levels or no expression at all was observed in all the methylated samples when mRNA was amplified by RT-PCR for each of the examined genes ( Figure 2 ).
Protein expression-correlations with tumor characteristics
Positivity for hMLH1 was noted in 32 out of 46 cases (69.6%), for MGMT in 31 out of the 47 cases (66%), for APC in all (n ¼ 44) examined samples (100%), and for CDH1 in nearly all (n ¼ 44) examined cases (98,0%). The protein pattern of distribution was nuclear for hMLH1 and MGMT, cytoplasmic for APC, and membranic for CDH1, respectively (Figure 3(a) to (d) ). hMLH1 protein positivity, extent of expression, and intensity of staining were correlated with patients' age (p ¼ 0.047, p ¼ 0.003, and p ¼ 0.003, respectively). hMLH protein positivity was correlated with Dukes' stage (p ¼ 0.030). hMLH1 protein intensity of staining was correlated with patients' age (p ¼ 0.005) and histological grade (p ¼ 0.023). MGMT protein positivity was correlated with tumors histological grade (p ¼ 0.029). MGMT protein extent of expression and intensity of staining was correlated with patients' age (p ¼ 0.03 and 0.006, respectively). MGMT protein intensity of immunostaining was correlated with patients' Dukes stage (p ¼ 0.003). CDH1 protein intensity of staining was correlated with patients' gender, age, and tumor histological grade (p ¼ 0.013, p ¼ 0.062, and p ¼ 0.005, respectively). IHC results and correlations with patients' demographics per gene are shown in Supplementary  Tables S4 to S7 .
Integration of promoter methylation with protein expression
When cross examining methylation with immunohistochemical variables (positivity, staining percentage, and intensity) no significant associations were noted. However, the vast majority of the positive for hMLH1 and APC proteins samples were not methylated. Furthermore, the percentage and the intensity of the stain for both proteins were lower in the methylated cases compared to the unmethylated ones. MGMT positivity and stain intensity were somewhat evenly distributed between methylated and unmethylated lesions. On the contrary, CDH1 protein exhibited high levels of expression and staining intensity in all the methylated cases.
Discussion
CRC development is the phenotype of the accumulation of genetic and epigenetic alterations in the epithelial cells of the colon mucosa. 12 The vast majority of CRCs have several chromosomal abnormalities, the so-called chromosomal instability phenotype. This phenotype is caused by defects in DNA repair machinery and more specific the MMR system. 13 The genetic defects in the adenocarcinoma sequence are very well characterized. 14 Epigenetic alterations involve histone modification, DNA methylation and chromatin remodeling, non-self-disqualifying events. During the last decades, epigenetic alterations have been the area of interest for many cancer studies.
Our study was focused on epigenetic alterations in CRCs. Genes that have been reported to play an important role in colorectal carcinogenesis were selected for further exploration. Genes with characterized mutations linked to hereditary colon cancer syndromes, as also genes involved in DNA repair machinery, adhesion, and metastasis. On that angle hMLH1, MGMT, APC, and CDH1 genes were studied. Our aim was first to study the promoter methylation of the selected genes in combination with the mRNA and protein expression levels in an effort to identify correlations between methylation and expression levels in cancer cases and additionally identify possible positive associations with tumor characteristics. Second, we wanted to explore the time period of occurrence for these epigenetic events by examining tissue from the normal adjacent mucosa for an available number of cancer cases.
hMLH1 is a gene involved in the MMR machinery and is linked to the HNPCC formation and the MSI tumors. Promoter methylation was observed in 25% of the cancer cases and mRNA and protein levels were in accordance with the gene's silencing frequency due to methylation. Our results are consistent with what has been reported so far in sporadic CRCs. 10 Although we didn't perform an MSI testing, most of the studies support the notion that an antibody against hMLH1 protein can allow a diagnosis of MSI with a 95% sensitivity and that MSI-H tumors have high hMLH1 methylation frequency which is also an early event associated with low protein levels detected by IHC. 4, 15, 16 Based on the above-mentioned reasons we can speculate that cancer cases found hypermethylated in hMLH1 promoter can be related to MSI. Forty-three percent of the methylated cases exhibit promoter methylation in the adjacent normal mucosa. This is not unexpected since hMLH1 hypermethylation was also found in 16% of polyps in young patients. 17 MGMT gene codes the direct repair protein O6Methylguanine Methyltransferase which protects the human genome against mutagenesis by removing methyl adducts from O6 guanine. 18 Methylation of MGMT is an initiating step in the development of MMR deficient colorectal carcinomas. 19, 20 Furthermore, aberrant methylation of hMLH1 and MGMT has been shown to silence genes and result in cancer progression with an MSI phenotype. 21 Our study identified 66% of the cancer cases being methylated in MGMT promoter region, a frequency consistent with that of others 10, 20, 22 and 81.81% of these cases were also methylated in the normal adjacent mucosa, findings that are in accordance with these of Shen et al. 23 where methylation was observed in 81% in the normal adjacent epithelium. mRNA and protein levels were also in accordance with the methylation findings and MGMT staining intensity correlated with Dukes' stage (p ¼ 0.003) providing an inefficiency in DNA repair capacity in the advanced tumor stage. This assumption is also supported by the high positivity that was noted in higher grade lesions (p ¼ 0.029).
APC is a tumor suppressor gene related with the FAP syndrome. Inactivation of APC is a frequent event in CRC mainly due to truncating mutations. In our discovery set, we observed a consistency between the 30% methylation levels and mRNA expression pretty close to the 28% that have been reported previously 12 but not with the protein levels, as IHC revealed a 100% positivity. This is not unexplained as there are studies suggesting that APC protein levels were independent of the presence of APC methylation 24 and that APC methylation does not result in complete gene inactivation and does not act as a second hit in carcinogenesis, based on Knudson's two hit hypothesis. 25 APC has a central role in WNT signaling, activation of which results in increased cell proliferation.
Cadherin type 1 (CDH1) is a calcium-dependent cell-cell adhesion glycoprotein further stimulating WNT. In our cohort a high methylation frequency was observed with 87% of the cancer cases being methylated in the promoter region. Among them 74.2% were also methylated in the adjacent normal mucosa and IHC revealed a 100% positivity. Our results showed higher methylation levels than others 26 but there are several lines of explanation. One can be attributed to the high sensitivity of PCR-based techniques that can detect methylation even when it occurs in a small cell population. Furthermore, methylation was detected only in one allele in 95% of the cases, so the protein is still expressed. Another explanation is that the gene promoter region we targeted by MSP is not the most strongly correlated with gene silencing. Thus, maybe a promoter region that was not associated with the protein expression levels was targeted. CRC is an heterogeneous disease. Gene amplification can also be the reason resulting in an increase in the number of copies of a gene sequence.
Our study also revealed associations between methylation and patients' age for hMLH1 and MGMT genes (p ¼ 0.04 and 0.003, respectively). Methylation observed in two or more of the examined genes was also correlated with patients' age (p ¼ 0.018). Positive correlation between promoter hypermethylation and age has been reported by many groups. 27, 28 Suzuki et al. have reported that global DNA demethylation in gastrointestinal cancer is age dependent and proceeds genomic damage. 27 DNA methylation undergoes global hypomethylation (especially within the repetitive sequences in the gene body) and a simultaneous hypermethylation in the promoter region of certain genes.
Another interesting finding of our analysis was the high methylation frequency observed in the normal mucosa for the samples found to be methylated in the cancer cases suggesting that DNA methylation is an early event in carcinogenesis. DNA methylation in the normal colorectal mucosa is associated with pathway-specific predisposition to cancer. 29 Epigenetic alterations opposite to the genetic alterations occur in normal cells and after neoplastic transformation they are exposed in the tumors by clonal expansion. Therefore, epigenetic alterations occur prior to genetic alterations. Based on our findings, there is strong evidence to propose that methylation in normal lesions can be used as a prognostic marker, an idea that has also been reported by other groups. 30 CDH1 methylation was associated with tumor grade (p ¼ 0.031). Poorly differentiated tumors were more frequently methylated. This observation, along with the trend with Dukes' stage (cases of stage C and D were more frequently methylated) and the statistically significant correlations between methylation in two or more genes and tumor stage and grade, propose CDH1 as a very important gene in CRC, related with more aggressive tumors.
In summary, our study validated and expanded previously published data in tumor suppressor genes in CRC. Our findings suggest that DNA methylation is a useful marker and that promoter methylation in certain genes is associated with more advanced tumor stages, poor differentiation, and metastasis. Thus, promoter methylation can have an application as a risk assessment tool or as a marker of recurrence to help oncologists decide on the aggressiveness of the treatment. Our results support the notion that future comparison between colon tumor, adjacent colon mucosa, and non-colon tissue may be useful to assess differential epigenetic alterations. Additionally, larger studies in more centers on these and other genes are needed to delineate our findings in a more extended patient population. Moreover, since promoter methylation was identified with high frequency in normal adjacent mucosa it will be worthy to evaluate if these genes can serve as a biomarker for early detection in bodily fluids such as plasma, serum, or urine and provide a non-invasive method to clinicians to stratify patients of higher risk for CRC that should be monitored more closely.
